To generate a collection of conditionally defective poliovirus mutants, clustered charged-to-alanine mutagenesis of the RNA-dependent RNA polymerase 3D was performed. Clusters of charged residues in the polymerase coding region were replaced with alanines by deoxyoligonucleotide-directed mutagenesis of a full-length poliovirus cDNA clone. Following transfection of 27 mutagenized cDNA clones, 10 (37%) gave rise to viruses with temperature-sensitive (ts) phenotypes. Three of the ts mutants displayed severe ts plaque reduction phenotypes, producing at least 103-fold fewer plaques at 39.5°C than at 32.5°C; the other seven mutants displayed ts small-plaque phenotypes. Constant-temperature, single-cycle infections showed defects in virus yield or RNA accumulation at the nonpermissive temperature for eight stable ts mutants. In temperature shift experiments, seven of the ts mutants showed reduced accumulation of viral RNA at the nonpermissive temperature and showed no other ts defects. The mutations responsible for the phenotypes of most of these ts mutants lie in the N-terminal third of the 3D coding region, where no well-characterized mutations responsible for viable mutants had been previously identified. Clustered charged-to-alanine mutagenesis (S. H. Bass, M. G. Mulkerrin, and J.
RNA-dependent RNA polymerases are required by all RNA viruses, except retroviruses, for replication of their genomes. In cases for which template specificity for the viral RNA has been reconstituted in vitro, the RNA-dependent RNA polymerases have been found to function in replicase complexes (31, 77) containing other viral or host proteins. Q,3 replicase activity requires a phage-encoded protein and three proteins from its Escherichia coli host: translational elongation factors EF-Tu and EF-Ts, as well as ribosomal protein S1 (15, 74) . Templatespecific negative-strand synthesis by the Saccharomyces cerevisiae double-stranded RNA virus L-A occurs only within the intact capsid (26) . For brome mosaic virus, a template-specific replicase complex was found to contain a subunit of translation initiation factor eIF-3 (54) .
Nevertheless, enzymatic function appears to reside within virally encoded proteins, some of which display nonspecific RNA-dependent RNA polymerase activity in isolation (25, 51, 59, 73) and all of which have sequence similarity in at least four regions of the primary sequence (16, 38, 53) . Two of these conserved regions are also shared by DNA-and RNA-dependent DNA polymerases (23) , and one of the regions of conserved sequence, containing a highly conserved YGDD motif, may be related to the YGDTD sequence conserved among DNA-dependent DNA polymerases (5) . Mutagenesis of these conserved regions has usually resulted in nonviable viruses and polymerases which display greatly reduced specific activity in vitro (32, 33, 49, 58, 59, 69) . None of the mutant viruses has been shown to display a conditional phenotype such as heat or cold sensitivity, which would facilitate investigation of the altered in vivo function.
Poliovirus, a positive-strand RNA virus that infects primate cells, is a member of the family Picornaviridae. Its (42) , one of which, 3D, displays RNAdependent RNA polymerase activity in vitro (73) . The 461-amino-acid sequence of 3D (42, 56) contains the consensus sequences for RNA-dependent RNA polymerases (16, 38, 53 ). Yet 3D polymerase, while able to elongate RNA chains, has shown no ability either to initiate RNA synthesis independently or to provide the specificity for such synthesis in vitro (22, 71) . It is likely that other viral and possibly cellular proteins form, with the polymerase, a replication complex capable of both initiating RNA synthesis and achieving specificity of RNA replication.
Progress has been made in identifying the viral components of such a replication complex (13, 62) . The viral protein 3B (VPg) is covalently attached to the 5' ends of poliovirus RNA strands and may act as part of the priming mechanism in vivo (62) . Mutational analyses have implicated the poliovirus coding regions 2B, 2C, 3A, 3B, 3C, and 3D, as well as the 3' and 5' noncoding regions, in poliovirus RNA replication: mutations at each of these loci have been shown to cause primary defects in RNA replication (1, 3, 9, 19, 28, 36, 46, 57, 61, 70) . The polypeptide products of the coding regions 2B, 2C, 3A, 3B, and 3D, along with newly synthesized poliovirus RNA, were found to colocalize to the cytoplasmic surfaces of virally induced membranous vesicles (11) (12) (13) . Recently, the entire Schematic representation of the 461-amino-acid sequence of 3D, the poliovirus RNA-dependent RNA polymerase, showing the locations of charged residues and clustered charged-to-alanine mutations. The locations of acidic residues are shown by short vertical slashes below the horizontal line that represents the 461-amino-acid sequence; basic residues are shown by slashes above the line. The locations of the clustered charged-to-alanine mutations that were introduced and the plaque phenotypes of resulting mutant viruses are shown as follows: 0, mutant virus displayed wild-type phenotype; 0, no mutant virus was recovered; *, ts virus with a plaque reduction phenotype was recovered; >, ts virus with a small-plaque phenotype was recovered. Mutant AL-14 contains an additional single-nucleotide substitution, leading to the substitution of cysteine for tyrosine at amino acid 264. intracellular poliovirus replicative cycle, including virus RNAspecific positive-and negative-strand synthesis, has been shown to occur in vitro, programmed by RNA transcripts (6, 50) . These in vitro reactions contain cellular membranous structures and are extremely sensitive to treatment with nonionic detergents (49a), further supporting the idea that poliovirus-specific RNA synthesis requires membrane-associated complexes.
In addition to their presumed function in both positive-and negative-strand viral RNA synthesis, 3D sequences can also function as part of the fusion protein 3CD. The 3CD polypeptide is known to function as a protease, whose specificity differs from that of the 3C protease alone (14, 37, 78) . In addition, 3CD protein has been shown to bind specifically, in a complex with a 36-kDa host cell protein, to RNA sequences at the 5' end of the poliovirus positive strand (3) .
Conditional mutants bearing mutations in the 3D coding region that display specific defects in RNA replication would be useful in the identification of 3D residues that are required for the different functions of 3D and, possibly, for the interactions between 3D and other viral and cellular proteins. Because of the high error rate of RNA-dependent RNA polymerases (64, 65, 75) , single-nucleotide substitutions are often genetically unstable; more extensive genetic changes often result in nonviable viruses (17) . Thus, despite considerable effort from several laboratories, only five well-defined mutations in the 3D coding region (see Fig. 7 ) that give rise to viable virus with measurable phenotypic defects have been reported (10, 18, 19) . Mutagenesis of one residue in 3D, Asn-424, has yielded three of these mutants; viruses containing alterations in Asn-424 were found to be temperature sensitive (ts) and to encode polymerases that were not defective for RNA elongation in vitro (1, 18) . A ts mutant caused by the insertion of a single leucine residue between amino acids 257 and 258 of 3D was shown, in temperature shift experiments, to display specific defects in both RNA synthesis and proteolytic processing of viral capsid proteins at the nonpermissive temperature (19) . In this case, the mutant polymerase was defective for RNA elongation in vitro (19) . A small-plaque poliovirus mutant, whose nonconditional mutant phenotype was caused by insertion of a single threonine residue between amino acids 354 and 355 of 3D, displayed delayed RNA synthesis (10) .
A mutagenesis algorithm termed clustered charged-to-alanine mutagenesis was originally used to investigate the role of surface charges in the functions of two proteins, the human growth hormone receptor (7) and S. cerevisiae cyclic AMPdependent protein kinase (29) . The resulting alleles displayed interesting in vitro phenotypes: many seem to disrupt important intermolecular contacts. For example, clustered chargedto-alanine mutagenesis of the human growth hormone receptor allowed the identification of clusters of charged residues that are required for hormone binding (7) . Recently, a high proportion of mutations introduced into the S. cerevisiae actin gene, ACT], using this algorithm, were shown to give rise to S. cerevisiae that was ts in vivo (76) . Specifically, 44% of the mutant alleles were shown to confer ts phenotypes to yeast cells. Why should charged-residue-to-alanine mutations cause such a high proportion of mutants with ts phenotypes? Single substitutions of charged residues with alanine in other proteins have generally been shown to exert little effect on protein conformation but instead to interfere with specific in vitro activities (20, 39, 68) . Most charged residues, especially those found in clusters in the primary sequence of proteins, are expected to reside on the solvent-exposed surfaces of folded proteins (20, 76) and to contribute little to overall protein stability (21) . Disruption of such clusters of surface charge might not disrupt overall protein stability but instead might interfere with electrostatic or hydrogen-bonding interactions with other biomolecules or with the solvent, making these interactions more thermosensitive (2, 76) .
To obtain a collection of ts mutants containing mutations in the 3D coding region and to test the utility of this technique in another protein besides actin, we constructed 27 clustered charged-to-alanine mutations in the 3D RNA-dependent RNA polymerase coding region of Mahoney type 1 poliovirus. Nine of these sets of mutations conferred ts phenotypes to the mutant polioviruses; seven of these displayed specific defects in viral RNA synthesis in temperature shift experiments. These new conditional alleles define new locations in the 3D coding region and should prove useful in disrupting specific steps of RNA replication and, possibly, in disrupting specific interactions between the polymerase and other components of the replication complex. The new plasmids, pBSKS+5601-7053, pBSKS+7053 -7512, and pBSKS+5601 -7512, were transformed into CJ236 (ung dut Camr), and dU-containing single-strand phagemid DNA was prepared according to the commercial protocol (Stratagene) with the following modifications: phagemid particles were pelleted from the clarified supernatant only after addition of polyethylene glycol to 5% and NaCl to 0.5 M and incubation on ice for 30 min.
Deoxyoligonucleotide mutagenesis was performed according to the method of Kunkel (43) , except that the Klenow fragment of E. coli polymerase I (N.E.B.) was used instead of T4 polymerase. Twenty-seven clustered charged-to-alanine mutations were constructed by using the following negativesense deoxyoligonucleotides synthesized by J. Binkley (University of Colorado). In the sequences of the mutagenic deoxyoligonucleotides given below, sequences complementary to the introduced alanine codons are underlined and the nucleotides that differ from the sequence of the poliovirus negative strand are shown in boldface. Each set of mutations created a novel BstUI (CGCG) Sequence verification of virus. For each ts virus, the presence of the intended mutations in the mutant viral RNAs was confirmed by sequence analysis. Virus RNA purification, cDNA synthesis, and PCR from the cDNA were performed as described previously (35) . DNA sequencing of the PCR products was performed as described above, except that primertemplate annealing was performed by freezing on dry ice. Commercially synthesized deoxyoligonucleotides (Macromolecular Resources) contained the following sequences: AGT CAAGTCGACCATGGGTGAAATCCAGTGG, the 3-ter- ylpiperazine-N'-2-ethanesulfonic acid) (pH 7.5) was added to 15 mM. At the indicated times, 2-ml samples were removed, and the cells were collected by low-speed centrifugation and washed once with PBS. The cells in one half of each sample were lysed by freezing and thawing three times, cytoplasmic extracts were prepared by centrifugation at 1,600 x g for 10 min at 4°C, and plaque assays were performed at 32.5°C. The cells in the other half of each sample were collected by low-speed centrifugation, total cytoplasmic RNA was prepared, and viral positive-stranded RNA was quantified as described previously (35) . The amount of radioactive negativestrand probe hybridized to each sample was determined by a radioanalytic scanner (Ambis Systems); standard curves for each set of experiments were prepared to ensure that each measurement fell within the linear range of the assay (35 (48) , and incubation was continued at either 32.5 or 39.5°C for 15 min as described previously (41) . Equal amounts of radioactivity from each supernatant were analyzed by electrophoresis in sodium dodecyl sulfate-12.5% polyacrylamide gels as described previously (44) . In addition, 25-ml samples of supernatants were precipitated with 10% trichloroacetic acid and filtered through nitrocellulose; the amount of precipitated radioactivity was determined by liquid scintillation counting.
To analyze the processing and stability of viral proteins that were labeled at the permissive temperature, infections with wild-type and mutant viruses were performed as described above except that the 15-min labeling with [35S]methionine was performed at 32.5°C. Labeled medium was removed, the plates were washed, label-free medium containing excess unlabeled methionine was added, and incubation was continued either for 90 min at 32.5°C or for 60 min at 39.5°C. Cells were harvested, and radioactive proteins were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) as described above.
RNA accumulation was measured by performing infections with wild-type and mutant polioviruses at MOIs of 25 PFU per cell as described above. After 4 h of incubation at 32.5°C, half of the plates were shifted to 39.5°C and incubation was continued. Cells on individual plates were harvested at various times postshift and collected by low-speed centrifugation, total cytoplasmic RNA was prepared, and viral positive-stranded RNA was quantified by dot blot analysis as described previously (35) .
Bacterial expression. For bacterial expression studies, wildtype and mutant pMluN plasmids were digested with BstBI and PvuII, and the DNA fragments corresponding to nt 6010 to 7053 of the poliovirus sequence were cloned individually into pTST-3D, replacing the wild-type 3D sequences present in that plasmid. pTST-3D was a gift of T. Jarvis (Ribozyme Products, Inc.) and is similar to the bacterial expression plasmid used by Plotch et al. to express 3D polymerase in E. coli (52) . The gene expression system of Studier and Moffatt was utilized to visualize plasmid-encoded proteins (66, 67 (GIBCO) and incubated either at 32.5°C for 6 h or at 39.5°C for 4 h.
Plates were washed once with PBS, and monolayers were harvested into 1 ml of PBS. The cells in each sample were lysed by freezing and thawing three times, cytoplasmic extracts were prepared by centrifugation at 1,600 x g for 10 min at 4°C, and plaque assays were performed at 32.5°C. 
RESULTS
Clustered charged-to-alanine mutagenesis of 3D coding region. The goal of these experiments was to generate a collection of ts mutants of 3D, the poliovirus RNA-dependent RNA polymerase. To this end, clusters of two or three charged residues throughout the 3D coding region were changed sequentially to alanine, much as described by Wertman et al. (76) . Specifically, any sequence of five amino acids containing two or more charged residues was a candidate to have each charged residue changed to alanine. Figure 1 shows the locations of each charged residue in the 461-amino-acid coding region of 3D and of the 27 clustered charged-to-alanine mutations that were introduced. Because of the size of the 3D coding region, all possible mutations according to the algorithm of Wertman et al. (76) were not constructed.
The nucleotide and amino acid changes for each clustered charged-to-alanine mutation are given in Table 1 . Mutations were introduced by deoxyoligonucleotide-directed mutagenesis (43) of segments of the 3D coding region present in phagemid vectors; each clustered charged-to-alanine mutation also created a novel BstUI restriction endonuclease site to facilitate screening for introduced mutations (see Materials and Methods). Each of the clustered charged-to-alanine mutations was subsequently transferred to a full-length, otherwise wild-type poliovirus cDNA clone. Mutated full-length cDNAs were introduced into HeLa monolayers at 32.5 and 39.5°C by cationic liposome-mediated transfection, and the monolayers were overlaid with agar. Twelve of the mutated cDNAs gave rise to plaques after incubation at 32.5°C. ts plaque phenotypes of 10 mutant viruses resulting from clustered charged-to-alanine mutagenesis. The plaque phenotypes of the 12 viable mutant viruses were determined to identify those that were ts. From each 32.5°C DNA transfection, five individual plaques were isolated, and the titers of viruses derived from each of the plaques were determined at both 32.5 and 39.5°C on HeLa monolayers. Viruses from J. VIROL. A6359G, A6360C, G6361C, A6362G, A6363C, K125, K126,  A6365G, A6366C  A6365G, A6366C, AA6368G, G6369C, A6370C, K127, R128,  A6372C, C6373G  A6392G, G6393C, A6394C, A6396C, C6397G R136, D137   A6401G, A6402C, G6403C, A6405C, A6406G  C6581G, A6582C, A6584G, A6585C, A6586G  A6663C, A6664C, A6666C   A6747C, G6748C, A6749G, A6750C, A6751G  A6969C, T6970C, A6972C, T6973G  A7109G, A7110C, G7111C, A7112G, G7113C,  A7114G  A7128C, A7131C, A7133G, A7134C  A7169G, A7170C, G7171C, A7173C, A7174G  C7178G, A7179C, T7180C, A7182C, A7183G  A7199G, A7200C, A7201C, A7203C, T7204G  A7221C, T7222C, C7223G, A7224C, C7225G  A7263C, A7264C, A7266C, A7267G, A7269C   D47, R49  KS1, (Fig. 2b) , forming approximately 1,000-fold fewer plaques at 39.5 than at 32.5°C (Table  1) . Those plaques that did form after the plaque-reduction mutants 3D-107, 3D-112, and 3D-113 were plated at 39.5°C were heterogeneous in size. Several such plaques were isolated and found to harbor phenotypically revertant virus, with a much lower ratio of plaque formation at 32.50C to that at 39.50C than the original ts mutant virus (data not shown).
To determine whether the introduced clustered charged-toalanine mutations were responsible for the mutant phenotypes of the ts viruses, the mutagenized region of each cDNA was sequenced. Depending on the location of the introduced mutations, different regions of the 3D coding region were present in the subclone that was subjected to site-directed mutagenesis. For ts viruses 3D-106 through 3D-113, the corresponding cDNAs were sequenced from nt 5601 to 7053; for ts virus 3D-1 14, the corresponding cDNA was sequenced from nt 7053 to the end of the poliovirus cDNA. Each of the nine cDNAs that gave rise to ts viruses contained the intended mutations (Table 1) . One mutated cDNA, 3D-113, contained an additional, unplanned nucleotide change (A to G at nt 6777) predicted to cause an amino acid change (tyrosine to cystine at amino acid 264). Thus, in addition to the clustered charged-to-alanine mutations that were introduced, another amino acid substitution may contribute to the ts phenotype of 3D-113 virus. No other changes in the mutated poliovirus cDNAs were found.
To determine whether the introduced clustered charged-toalanine mutations were present in the mutant viral RNAs recovered following transfection of mutant cDNAs, the presence of each mutation in viral RNA was verified by sequence analysis. For each of the nine stable ts mutants in Table 2 , cDNA complementary to the region surrounding the introduced mutations was synthesized and subsequently amplified by PCR (35) . When these PCR products, which should represent the viral RNA sequences from which the cDNA was made, were sequenced, no evidence of reversion of the introduced mutations was found.
Given the high error rates of RNA-dependent RNA polymerases in general (64, 65) and of the poliovirus polymerase in particular (75) , the lack of additional mutations in the transfected poliovirus cDNAs and the lack of reversion at the site of the mutation in the resulting viral RNAs cannot ensure that the mutant viral RNAs obtained following transfection contained no additional mutations anywhere in the genome. It is always possible that the viruses that were selected, those that formed plaques after transfection of the cDNAs, arose from a minority of RNA species that contained additional mutations that increased their viability. Two lines of evidence argue against this possibility for any of the ts viruses in this study. First, the phenotypes of the five plaques selected from each cDNA transfection were identical; thus, if the viral genomes in these five plaques are not identical to the transfected cDNA, but instead contain mutations that allow phenotypic reversion, either identical mutations occurred and were selected multiple times or different suppressor mutations yielded viruses with identical phenotypes. In addition, the transfection efficiencies, that is, the number of plaques that arose at 32.5°C following transfection of comparable amounts of mutated and wild-type cDNA-containing plasmids, were comparable for the mutated and wild-type cDNAs (data not shown). Thus, if additional suppressing mutations occurred in the RNA, they were generated at a sufficiently high frequency that the number of plaques obtained from DNA transfection was not reduced. It is therefore extremely likely that the ts phenotypes of 3D-106, 3D-107, 3D-108, 3D-109, 3D-110, 3D-111, 3D-112, and 3D-114 were caused by the clustered charged-to-alanine mutations. For 3D-113, in which an additional, unintentional point mutation was found, it is not clear whether the intended set of mutations or the additional single-nucleotide substitution at nt 6777 (Table 1) was responsible for the ts phenotype. Since the 3D-1 13 virus was found to have defects in protein processing as well as in RNA synthesis (see below) and we are primarily interested in mutants with defects only in RNA synthesis, the intended and unintended mutations present in the cDNA that gave rise to ts virus 3D-113 were not introduced individually into full-length poliovirus cDNA clones to determine which was responsible for the ts phenotype. Figure 3 shows the results of a representative experiment performed with wild-type virus and ts mutant 3D-112. At 32.5°C, only slight differences in virus production and RNA accumulation between the mutant and the wild type were observed. At 39.5°C, however, both virus production and RNA accumulation were reduced at least 10-fold in infections with 3D-112 compared with those in wild-type infections. Two ts mutants, 3D-107 and 3D-1 12, displayed an additional defect in cell entry that resulted in a delay in progression through the infectious cycle that was apparent at both temperatures in these constant-temperature, single-cycle infections (unpublished results). In the present study, however, we consider the ts phenotypes of 3D-107 and 3D-112 independently of their slow-eclipse phenotypes. This is justified because the temperature sensitivity of 3D-107 and 3D-1 12 virus production was still observed when normal cell entry steps were bypassed by initiating wild-type, 3D-107, and 3D-112 infections with RNA transcripts (Table 3) .
Temperature shift experiments to monitor translation, protein processing, and protein stability of ts mutant viruses. Most of the nine stable ts mutants displayed reduced accumulation of positive-strand RNA during single-cycle infections at 39.5°C, the temperature at which they also formed smaller or fewer plaques than wild-type viruses. However, ts defects in cell entry, translation of the viral genome, processing of viral polypeptides, or stability of the viral polypeptides, by reducing the intracellular concentrations of viral proteins, could reduce the rate of RNA replication and result in an apparent RNA accumulation defect in constant-temperature experiments. Such defects might also account for the plaque phenotypes of those mutants that showed no reduction in virus or RNA accumulation in constant-temperature infections. It is also possible that defects in RNA accumulation could be masked by feedback from these processes during long periods of infection. Thus, we tested whether any of the ts mutants showed ts defects in translation, protein processing, protein stability, or RNA synthesis after temperature shift, to try to study the temperature sensitivity of each of these processes in isolation.
To assess the effect of temperature shift on translation, the accumulation of labeled viral proteins after a shift from the permissive to the nonpermissive temperature was monitored. HeLa monolayers were infected with wild-type or mutant viruses and incubated for 7 h at 32.5°C, the permissive condition; at this stage of infection, translation of the majority of host cell proteins should be inhibited, and newly synthesized proteins should be almost exclusively viral (63) . At 7 h postinfection, [35S]methionine was added and the incubations were either continued at 32.5°C or shifted to 39.5°C. Following 15 min of incubation, cytoplasmic extracts were prepared and the amount of trichloroacetic acid-precipitable radioactivity was determined. As shown in Table 4 , none of the ts mutants exhibited a ts reduction in the accumulation of labeled viral proteins. In fact, several mutants showed significant increases in viral protein accumulation at 39.5°C after the temperature shift compared with that of the wild type. We have, at present, no explanation for this observation; it is possible that reduced rates of RNA synthesis (see below) can lead to greater utilization of viral positive strands as mRNAs. SDS-PAGE analysis (Fig. 4) of all of the extracts demonstrated that, for each mutant, inhibition of host translation occurred by 7 h postinfection at 32.5°C and that the yield and distribution of viral polypeptides synthesized at 39.5°C were equivalent to those observed in wild-type infections. Thus, none of these mutants displayed a ts defect in translation.
To assess the effect of temperature shift on the processing and stability of viral proteins, HeLa cell monolayers were again infected with wild-type or mutant virus and incubated for 7 h at 32.5°C. However, in these experiments, labeling with [35S]methionine was performed for 15 min at 32.5°C immediately before the temperature shifts. Medium containing excess un- at 39.5°C to chase the labeled polypeptides under permissive and nonpermissive conditions. Cytoplasmic extracts were prepared and analyzed by SDS-PAGE (Fig. 5a ). Mutants 3D-107, -108, -109, -112, and -114 revealed no defects in protein processing: no novel bands or altered polypeptide mobilities were observed with or without the temperature shift. The slight differences in the extents of protein processing between infections were not temperature dependent. For four of the ts mutants, alterations in the mobilities of viral polypeptides were observed. Three mutants, 3D-106, 3D-110, and 3D-111, showed altered mobilities of all polypeptides containing the N-terminal sequences of 3D, where the mutations responsible for the mutant phenotypes mapped ( Fig. 1 and Table 1 ). For each of these mutants, bands -coffesponding to 3D, 3CD, and 3C' displayed greater electrophoretic mobilities than their wild-type counterparts (Fig. 5a ).
To determine whether these mobility shifts resulted from altered electrophoretic mobility of the mutant proteins or altered sites of protein processing, the 3D coding regions from 3D-106, 3D-110, and 3D-111 were expressed in E. coli. As shown in Fig. 5b , the observed mobilities of mutant and wild-type 3D were identical in virus-infected and bacterial cells. Furthermore, sequence analysis excluded the possibility that small deletions had been introduced into the 3D coding sequences. Therefore, the mobility shifts of 3D N-terminuscontaining polypeptides of mutants 3D-106, 3D-110, and 3D-111 were not due to defects in protein processing but are intrinsic to the mutant polypeptides, possibly reflecting altered extents of SDS binding.
Another ts mutant, 3D-113, displayed a novel band below that of capsid polypeptide VP1 at both temperatures (Fig. 5a ).
Although the origin of this band has not yet been determined, it is clear that 3D-113 mutant viruses, unlike the other ts mutants, displayed a defect in protein processing that may or may not be responsible for the decreased accumulation of viral RNA observed in constant-temperature infections. 13 ts mutations often affect the folding of mutant proteins (2), B which can result in increased susceptibility of mutant proteins to intracellular proteases. Comparison of the intensities of the viral protein bands in Fig. 5a, labeled 
DISCUSSION
Using a clustered charged-to-alanine mutagenesis strategy, in which clusters of codons for charged amino acids are replaced by alanine codons, an array of ts alleles of the 3D coding region was generated. Thirty-seven percent of the mutant cDNAs constructed gave rise to mutant viruses with ts phenotypes. However, one of these cDNAs contained an additional single-nucleotide substitution (Tables 1 and 2) , thus reducing the yield of ts mutants whose phenotypes are known to be caused by the clustered charged-to-alanine mutations to 35%. These results are similar to those achieved with the yeast actin system, in which 44% of the mutations constructed, when present in a single copy in haploid yeast cells, conferred ts phenotypes (76) . One difference between these two mutageneses, however, is the amount of lethality observed. Clustered charged-to-alanine mutagenesis of yeast actin gave rise to 32% nonviable haploid yeast cells; our mutagenesis of 3D led to lethal or nearly lethal phenotypes for 59% of the mutations constructed. We do not know whether this results from the RNA-dependent RNA polymerase's being more sensitive to mutation or from the necessity of the viral positive strand to function in capacities other than as the mRNA for the mutagenized protein. In any case, clustered charged-to-alanine mutagenesis gave rise to a high percentage of ts mutants, both in genes encoding a structural protein (76) and a protein with enzymatic function.
The mutations responsible for the phenotypes of most of these ts mutants lie in the N-terminal third of the 3D coding region, where no well-characterized mutations responsible for viable mutants have been previously identified (Fig. 7) . The locations in the 3D coding sequence in which mutations have given rise to viable mutant viruses in other laboratories (1, 10, 18, 19) , as well as regions where the 3D sequence exhibits sequence similarity with those of other RNA-dependent RNA polymerases (16, 38, 53) , are also shown in Fig. 7 .
Constant-temperature, single-cycle infections of nine stable ts mutants displayed defects in viral yield or RNA accumulation for eight of the mutants, with the severity of defects mirrored by the severity of plaque defects (Tables 1 and 2 Regions of homology with other RNA-dependent RNA polymerases (16, 38, 53) (1, 10, 18, 19) .
terminus of the 3D protein (Fig. 7) , only two amino acids away from Asn-424; mutations in Asn-424 are responsible for the ts phenotypes of three mutants studied previously (1, 18) . One of these mutants, vEH1-3D-7256(N-H), showed a lower ratio of positive to negative strands in constant-temperature infections performed at high temperature than in those at low temperature, suggesting a specific defect in positive-strand synthesis at the nonpermissive temperature (18) . It will be interesting to test whether 3D-114 displays a specific defect in positive-strand synthesis in temperature shift experiments. The mutations responsible for the ts phenotypes of 3D-106, 3D-107, 3D-108, 3D-110, 3D-111, and 3D-112 all lie in the N-terminal third of the 3D coding region (Fig. 7) . No viable mutants with mutations in this region of 3D have been identified previously, and this region displays no sequence similarity with other RNAdependent RNA polymerases (16, 38, 53) .
The most severe biochemical and plaque morphology phenotypes were exhibited by ts mutants 3D-107, 3D-112, and 3D-1 14. These mutants are quite suitable for genetic studies that require pronounced plaque phenotypes. For yeast actin, it was shown that clustered charged-to-alanine mutagenesis specifically targeted patches of charged residues on the protein surface (76) . For tissue plasminogen activator, 90% of the mutant proteins that resulted from a similar mutagenesis protocol were stable and properly folded when expressed in bacteria (8) . As discussed in the introduction, it is possible that the reason this mutagenesis algorithm can generate ts mutants at such a high frequency in actin, and in the 3D polymerase, is that the targeted clusters of surface charges are normally involved in hydrogen bonding or electrostatic interactions with water or other proteins (2) and that these interactions are crucial for protein folding, function, or both. If this is the case, suppression analysis of mutant alleles generated by clustered charged-to-alanine mutagenesis may prove especially fruitful to identify proteins that interact functionally with the wild-type proteins (76) . In the case of 3D, suppression analysis (3, 4, 24, 34, 47) of these alleles may identify other components of the poliovirus replication complex that interact functionally with the RNA-dependent RNA polymerase during the poliovirus infectious cycle.
